Among all of the many examples of mobile elements or ''parasitic sequences'' that affect the function of the human genome, this paper describes several examples of functioning genes whose sequences have been almost completely derived from mobile elements. There are many examples where the synthetic coding sequences of observed mRNA sequences are made up of mobile element sequences, to an extent of 80% or more of the length of the coding sequences. In the examples described here, the genes have named functions, and some of these functions have been studied. It appears that each of the functioning genes was originally formed from mobile elements and that in some process of molecular evolution a coding sequence was derived that could be translated into a protein that is of some importance to human biology. In one case (AD7C), the coding sequence is 99% made up of a cluster of Alu sequences. In another example, the gene BNIP3 coding sequence is 97% made up of sequences from an apparent human endogenous retrovirus. The Syncytin gene coding sequence appears to be made from an endogenous retrovirus envelope gene.
Among all of the many examples of mobile elements or ''parasitic sequences'' that affect the function of the human genome, this paper describes several examples of functioning genes whose sequences have been almost completely derived from mobile elements. There are many examples where the synthetic coding sequences of observed mRNA sequences are made up of mobile element sequences, to an extent of 80% or more of the length of the coding sequences. In the examples described here, the genes have named functions, and some of these functions have been studied. It appears that each of the functioning genes was originally formed from mobile elements and that in some process of molecular evolution a coding sequence was derived that could be translated into a protein that is of some importance to human biology. In one case (AD7C), the coding sequence is 99% made up of a cluster of Alu sequences. In another example, the gene BNIP3 coding sequence is 97% made up of sequences from an apparent human endogenous retrovirus. The Syncytin gene coding sequence appears to be made from an endogenous retrovirus envelope gene.
M
obile elements form the majority of the human genome, but that is unimportant compared to all of the functional effects these ''parasites'' have had on our evolution. Insertions have influenced the regulation of transcription of some genes and the termination of transcription. Hundreds of examples have been recognized where individual exons have sequences that are similar or identical to fragments of mobile element (ME) sequences (1, 2) . In many of these cases a single exon is involved, and its transcription yields a variant mRNA (3) . The suggestion is that MEs are a source of variation as a result of the insertion of fragments of sequence into functioning genes. Here, I am using MEs (sensu lento) to represent any repeated sequence present in many copies in the genome. Smit (4) has made a list of 19 examples of human genes ''probably derived from transposable elements. '' Reported here are cases where almost the entire coding sequences (Ͼ89%) of functioning human genes are apparently derived from ME sequences. There are several examples of genes with named functions in which all or nearly all of coding sequences are quite similar to ME sequences as recognized by REPEATMASKER (www.repeatmasker.org). There are many other examples of observed mRNAs for which the coding sequences are defined by computer programs, and these sequences are identified by REPEATMASKER as MEs. However, in this subset of cases it is claimed that a functioning gene was derived entirely from ME sequences. There may be additional cases among a list of 49 unstudied examples derived by screening mRNA libraries to be described below.
These observations contribute an additional bit to the growing mass of evidence that indicates that mobile elements͞repeats are not always junk and have made important contributions to the ''host'' (5-9). The MEs and DNA sequences derived from them have been a part of the eukaryotic ''genomic environment'' for a very long time. Thus, it is expected that they will have had important effects on gene function because it can be considered that living systems will sooner or later make use of whatever is available if it is at all possible, particularly in the genome. There have been theoretical proposals (10) of the evolutionary role of variety and change in these relationships, particularly in the control of gene expression. There is direct evidence for the evolutionarily significant role of mobile elements͞repeats (11) (12) (13) and evidence for strong associations and functions including the regulation of transcription. The cases described in this paper add to this earlier evidence in that, in these cases, nearly the entire coding sequences of genes have apparently been derived from ME sequences.
A survey is in process to determine the fraction of the coding sequences recognized at present in available genomes that are derived from ME sequences. The early results turned up the AD7C or neural thread protein gene, which sparked interest because it is apparently derived entirely from a cluster of Alu repeated sequences. The investigators pointed out that the coding sequence contained regions of sequence similarity to four Alu sequences (14) . Table 1 describes this and several other cases.
Methods
A collection of coding sequences was made from the NCBI file seqgene.md. These were examined by REPEATMASKER, and those that were reported to be almost completely similar in sequence to mobile elements were set aside for further study. The examples examined in the first part of this paper were selected from this list on the basis of their known function. Some of the remainder of them are shown in Table 4 .
Results and Discussion AD7C. AD7C is a neuronal thread protein gene. It encodes a 41-kDa membrane spanning phosphoprotein that is useful in the diagnosis of early Alzheimer's disease (14, 15) . The coding sequence is 1,128 nt long and REPEATMASKER shows that it consists of fragments of five (or four, see below) Alu sequences. All of the matches are with the reverse complements of the Alu repeats. The alignment is summarized in Table 2 . Listed are the percent similarity and length of each of the regions from the best matching Alu sequences, which differ inconsequentially from those published in ref. 14. First, an AluSp matches at 92% accuracy the first 281 nt of the coding sequence. After a gap of 3 nt, 141 nt of AluJo matches at 87% precision. Then, after 2 nt, an additional part of the AluJo sequence matches to 93% for 167 nt including a sizeable part of the poly(A) tail, modified by two substitutions that affect the translation. These two short fragments seem to represent one Alu sequence homolog in the coding sequence, but rearrangement has apparently occurred because there are overlapping regions of the AluJo. Next is a 92% match for 302 nt to an AluSc, including a sizeable part of the poly(A) tail that is modified. Finally, there is an 88% match for 239 nt to an AluSx, also including a sizeable region of the poly(A) tail that is modified. In the genome, this match continues after the end of the coding sequence region and there is another match to an Alu sequence (data not shown).
It appears that the whole gene coding region has been made from a cluster of Alu sequences. The gaps of a few nucleotides between the individual Alu sequence matches are probably just details of the REPEATMASKER alignment process and can be ignored. A matter of interest is how much change has occurred in the sequences to form a useful gene from the ME sequences. The Alu sequences summarized in Table 2 are simply the best matches from the REPEATMASKER collection and are not necessarily the Alu sequences that were present in the original Alu cluster, so that it is not possible in general to identify the sequence changes that have occurred. A sample can be estimated by examining the three poly(A) chains that are included. They total to 60 Ts in the complementary Alu sequences. In these poly(T) regions, eight changes have occurred, all leading to translatable codons for amino acids other than phenylalanine. They consist of six A substitutions and two insertions of two As each. This Ϸ17% change in this small sample suggests positive selection. Of course, there is only one possible silent substitution in a row of Ts, the transition from T to C in the third base. In addition, there are four cases of internal T-rich sequences in the five Alu sequences involved, and in one of those, such a silent substitution has occurred. In two of these cases, length differences have occurred resulting from a six-base deletion and a four-base insertion, leading, of course, to translatable codons. This is a clear case in which a cluster of Alu repeats has been converted into an active human gene. We do not yet know how the 5Ј control region is organized. With that information we will someday be able to say more about the evolutionary process that created the gene. It was pointed out that an identifiable fulllength representation in the human genome (build 34) is only 97% similar to the AD7C mRNA sequence (A. F. Smit, personal communication) (14) . The differences are such that the genomic sequence is not translatable for a significant length. No better genomic copy of the mRNA has been found, but the gene could contain introns and might be hard to identify because of the Alu sequences.
BNIP3. BNIP3 is the gene for a protein involved in controlling apoptosis through the interaction with other proteins (16) (17) (18) . The heading for the entry in OMIM (Online Mendelian Inheritance in Man) is BCL2͞ADENOVIRUS E1B 19KD PRO-TEIN-INTERACTING PROTEIN 3: BNIP3. Table 1 shows that 97% of the coding sequence is related closely to that of HERV70RM. HERV70RM is the name I am using for the version of HERV70 that is included in the REPEATMASKER library and it is named a human endogenous retrovirus, although it does not contain recognizable retroviral gene residues. It is more than 7 kb long, and the relationships to the BNIP3 coding sequence occurs after nucleotide 4641 of HERV70RM. The coding sequence of the BNIP3 mRNA aligns fully with the HERV70RM sequence even though the gene consists of 6 exons spread over almost 15 kb of DNA. To help resolve this relationship, REPEATMASKER was run against the whole gene, and the results are shown in Table 3 . Most of these data are from REPEATMASKER output, and two columns are added to show the location of the exons in the gene. In most cases, the identification of an HERV70RM segment in the gene aligns closely with the exons. This agreement is so good that the history seems obvious. Likely, a part of the HERV70RM from about 4-7 kb was converted to a gene without introns, which must have evolved and become useful, and later the introns were inserted into it to lead to the modern BNIP3 gene. In fact, there is a BNIP3P sequence on chromosome 14 that is identified as a pseudogene because it lacks introns and gives a very good match in a search made with the BNIP3 mRNA by using BLAST the human genome. It is possibly a fossil of the early stage in this event or it may be an actual pseudogene made from the mRNA at a later stage.
To further explore this interpretation, the coding sequence was aligned with the HERV70RM sequence by using BLAST2 sequences. The result showed two copies of the almost complete cds region at locations 5507-6073 and 6732-7289 in the HERV70RM sequence, matching Ϸ80%. Thus, the locations shown in Table 3 in HERV70RM are simply the best fits of REPEATMASKER and do not necessarily show the actual sequence origins of the BNIP3 coding sequence. It seems likely that it originated as a copy of one of the regions in HERV70RM. Table  3 shows one example of a sequence similarity between HERV70RM and a region of the gene that is not an exon in BNIP3. The history of this region is unclear. In any case, it is clear that most of the exons of the BNIP3 gene derived from a continuous stretch of HERV70RM. This seems to be a good case of ''introns late'' because there is no other explanation that comes to mind for the presence of a series of connected pieces of HERV70RM spread widely in the BNIP3 gene.
An important issue is the nature of HERV70RM. The copy used in these studies is listed in the library of human repeated sequences listed in REPEATMASKER. It is incomplete and not a classical endogenous retrovirus. The HERVD database (http:͞͞ herv.img.cas.cz) lists many regions in the human genome that are similar in sequence to what I call HERV70RM here, although none of them match a length of more than Ϸ1 kb. In fact, there The first column is the chromosome (Chr.) number, which is not certain for AD7C. *Exon 16 only, therefore in parentheses. is a set of 63 sequences in this database that match the BNIP3 cds, although most of them show only a short matching region. The situation needs clarification because there are many entries in the HERVD database called HERV70 that show no sequence similarity to HERV70RM. There is no full-length copy of HERV70RM in the present version of the human genome, so its status as a human endogenous retrovirus sequence is doubtful. BLAST of the human genome (filter off) searching with HERV70RM finds many hits and graphs some examples as if they were full-length matches. They do not exist, and the program has assembled them from groups of nearby fragmentary matches. When REPEATMASKER is run against HERV70RM, two small fragments of Alu sequences are found, as well as other MEs within it. There are regions that REPEATMASKER identifies as HERV70 (HERV70RM), and these include the region of the copies of the BNIP3 coding sequences. A warning is required here because BLAST of the human genome (filter off, default) finds only 3 matching sequences for the BNIP3 coding sequence of the 63 that exist in the HERVD database. I confirm the fact that there are many matching fragments to the coding sequence (cds), finding 120 in the human genome by using BLAST. This is an important point because these data, regardless of the interpretation of HERV70RM, show that the BNIP3 gene cds sequence is closely related in toto to sequences of a ME. We may not know exactly what this ME is, but there are many copies of this region of it in the human genome ranging from precise to quite divergent.
The BNIP3 gene occurs in the mouse genome [NM009760], and the coding sequence matches the human with 89% accuracy. The protein sequences match to 90% accuracy except for a 5-aa gap and a 1-aa gap in the mouse protein. The gene arrangement is similar, with 6 exons extending over Ϸ15 kb. The exons are identical in length to the human exons except for the gaps of 15 and 3 nt corresponding to the protein differences. Because the cds match so closely in sequence, the mouse BNIP3 exons show the same relationship to the human HERV70RM as do the human BNIP3 exons. Interestingly, there is no sequence in the mouse genome, seen by BLAST of the mouse genome, that matches the human HERV70RM except for the BNIP3 exons. There is apparently no equivalent ERV in mouse genome, although, of course, many other HERVs and MERVs share sequence. REPEATMASKER may be used with either the human repeats or mouse repeats to examine the mouse BNIP3 gene region. With the human repeats, the mouse BNIP3 exons are recognized as HERV70RM sequences, but with the mouse repeats, no sequences match. The exons in the two genes are nearly identical. The nucleotide sequences of the mouse and human BNIP3 cds match closely (90%). K s between the coding sequences of mouse and human are 0.41 and K a ϭ 0.047 (K s is the divergence due to synonymous substitutions, and K a is the divergence due to changes that cause amino acid replacement) (19) . This similarity suggests that whatever the events were, they occurred far in the past.
The BNIP3 gene has also been sequenced from rat, and the cds is 95% similar to that of mouse BNIP3, so the same arguments apply. The K s between the coding sequences of the rat and human is 0.37 and K a ϭ 0.048 (20) . BLAST of the rat genome finds a BNIP3 exon and two other rat sequences similar to parts of human HERV70RM, whereas BLAST of the mouse genome finds only a BNIP3 exon with similarity to human HERV70RM. Based on a BLAST search of GenBank, chicken (Gallus gallus) has a similar mRNA sequence to the human BNIP3. There is a match of 367 of 453 nt, or 81%, in one large region and evidence of other smaller regions of similarity. It seems that a full examination of the evolution and relationships of BNIP3 and HERV70RM would be worthwhile in a number of species. Syncytin. This example is listed by Smit (4) and is included here because recent evidence shows that Syncytin is a functioning gene in human placenta (21, 22) . The mRNA is derived in toto from the endogenous retrovirus HERV-W, which is present in many copies in the human genome. The authors (21) Table 1 shows that it is almost 90% made up of L1 MEs. The sequence match is only Ϸ70%, so much sequence change has occurred because its origin from a part of the L1 sequence. It matches the regions 18-331 nt and 437-1470 nt of L1MD2. This is not apparently a beneficial contribution that L1 has made to our genome, although MEs act in strange ways. The record NM006543 was ''temporarily removed by RefSeq staff for additional review'' and Smit (personal communication) did not find a closely matching genomic sequence. Thus, this example must be considered a candidate for future study.
LG30.
LG30 is a gene of unknown function in the region G72͞G30 of chromosome 13. Mutations in the region are connected to bipolar disorder (23, 24) , but it appears that the G72 is more likely to be responsible (25) . The LG30 coding region is only 216 nt long, and 100% of its length is related to LTR class ME (MLT1E, MLT1G).
GTF2IRD2. GTF2IRD2 was initially described as a transcription factor gene (26, 27) , and the NCBI entry consisted of the fragment listed in Table 1 . That is why it is included here. It has recently been studied in detail (28, 29) , and it turns out that this fragment is actually exon 16, the 3Ј exon and the only long exon, more than half the length of the whole coding sequence. This exon consists entirely of ME sequence Charlie8. What follows is a quotation from ref. 29 . ''GTF2IRD2 is the third member of the novel TFII-I family of genes clustered on 7q11.23. The GTF2IRD2 protein contains two putative helix-loop-helix regions (I-repeats) and an unusual C-terminal CHARLIE8 transposon-like domain, thought to have arisen as a consequence of the random insertion of a transposable element generating a functional fusion gene. The retention of a number of conserved transposase-associated motifs within the protein suggests that the CHARLIE8-like region may still have some degree of transposase functionality that could influence the stability of the region in a mechanism similar to that proposed for CharcotMarie-Tooth neuropathy type 1A. GTF2IRD2 is highly conserved in mammals and the mouse orthologue (Gtf2ird2) has also been isolated.'' Other Transcript Coding Sequences Apparently Derived from ME. Table 4 is a list of 49 examples of observed transcripts for which the coding sequences have been determined by computer programs, and these cds are made up from MEs at least to the extent of 80%. This collection was made by running REPEAT-MASKER against the NCBI collection of gene transcripts in February of 2004, but when checks were made in early March, all of the transcripts so marked had been removed from the collection. It seems likely that someone decided they were junk, which in a sense may be true, but from the point of view of this article they may be considered potentially useful and should be further examined. Some of them are likely to be examples of the transcription of fragments of ME, a process which occurs frequently. Regions of ME line 1 are expressed in mouse and rat and human RNA collections (unpublished data). Smit's table (4) has been extended (27) to include 47 potential genes derived at least in part from ME. However, the central issue for these two tables is whether these candidates are actually functioning genes. In fact, there is no evidence in the majority of cases that these mRNAs are produced by functioning genes. There are two examples in these tables where nearly the whole mRNA derives from an ME, and one of them is described above as Syncytin (21, 22) . The other appears to be the transcription of a fragment of a sequence related fairly closely to HERV3, including the env gene and LTR, and the transcript is described as an env gene mRNA. The evidence of its function is transcription in placental trophoblast cells (28) , reminiscent of intracysternal A-particles in mouse that are similar to ERVs and may be claimed to have an important role in placenta (29) .
The cases described and possibly the example just mentioned (4, 27) show that parts of ME have been converted to form essentially complete gene coding sequences. There are probably more cases as indicated by Table 4 . These observations add to the many known ways in which MEs have contributed to our evolution. This subject has been reviewed recently by Kazazian (30) who characterizes them as being in the driver's seat, rather than simply being useful to have around. Because of this review there is not reason for extensive discussion here.
